INTRODUCTION
The binding of steroid diamines to DNA has been the object of studies by a variety of physico-chemical methods : high-resolution % [1] [2] [3] [4] and 31 P NMR [5] , thermal denaturation monitored by U.V. spectroscopy [4, 6] , hydrodynamic and electric dichroism [7] , and topological and viscosimetry investigations [8] . These studies seem to rule out an intercalative mode of binding and converge towards the conclusion that the binding of steroid diamines induces a kink in the structure of DNA, enabling the drug to insert between partially unstacked base pairs [9] . The precise structural characteristics of the complex remain, however, largely unknown. Thus unanswered questions concern, e.g., the amplitude of the kink induced by the drug, a possible preference for its occurence at a py-(3', 5')-pu or at a pu-(3', 5')-py step, its possible base-pair dependence, its orientation to face preferentially a precise segment of the steroid diamine, the possible repuckering of the sugars produced at the bound nucleotides, etc.
In an attempt to contribute to the solution of these questions, we have undertaken a theoretical exploration by means of an energy-minimization technique of the structural characteristics of the complexes of a representative steroid diamine, dipyrandium (fig-1) , with double-stranded hexanucleotides d(TATATA) 2 .
Various distinct modes of binding were investigated : a) groove binding to a native B-DNA structure ; b) intercalative binding with varying amplitudes of base pair separation Az and unwinding angles ; c) interaction with a kinked model, using as starting point for energy minimization the structure put forward by Sobell et al. [9] for the complex of irehdiamine with d(GCGCGC) 2 ; d) interaction with kinked conformations, in which different kinks are induced, at a well-defined dinucleoside step, with varying amplitudes, along an axis that is either perpendicular or parallel to the dyad axis, or along a combination of the two.
PROCEDURE
The procedure employed in this study is the JUMNA method [10] used previously in similar investigations and described in details in [11 -13] . The results of the computations pertaining to the three above-mentioned binding modes are reported in Table I , which lists : the ligand-oligonucleotide intermolecular interaction energy AE, the variation of the conformational energy of the oligonucleotide, SDNA, and that of the drug, Slig, upon complexation, the resulting overall binding energy SE, and the difference, S , of these overall energies with respect to that of the most stable configuration (corresponding to a kinked structure as determined in the subsequent section and indicated in Table II ). For groove binding to the sequences d(TATATA) 2 and d(ATATAT) 2 only minor groove complexes were investigated, whereas for groove binding to d(CGCGCG) 2 , both minor and major groove complexes were studied. Such a choice was justified on the basis of experience acquired in our many previous studies on this mode of interaction (see e.g. [13] [14] [15] and understandable from the distribution of the molecular electrostatic potential in B DNA [16] .
Intercalative binding of dipyrandium was investigated with the representative sequence d(TATATA) 2 2) Binding of dipyrandium to theoretically generated kinked structures.
On account of the disappointing results obtained with the kinked structure of ref. [9] , we have undertaken to search for other theoretically generated, kinked structures susceptible to bind dipyrandium in a more efficient way. This can be achieved by the JUMNA algorithm [10] by imposing a "kink" on the helicoidal axis at a given dinucleoside step, undergoing a rotation of varying amplitudes along an axis that may be either perpendicular to the dyad axis of the upstream base pair, or parallel to it. In keeping with the notations of ref. [11] , we will denote the first rotations by "P" (kink propeller) and the second one by "T" (kink tilt). Mixtures of the two rotations may and have also been considered. Varying amplitudes of the kink were introduced in order to select appropriate starting structures for energy minimization.
Altogether, the following complexes of dipyrandium were investigated and energy-minimized By contrast, for the d(ATATAT) 2 sequence, the kinks remain located on the steps, either T 2 A 3 , A 3 T 4 or T4A5, on which they were initially induced, thus resulting in three distinct energy-minimized structures.
For the d(CGCGCG) 2 oligonucleotide, a progressive disappearance of the kink and restoration of a "native", unkinked structure occurred for the major groove complex whereas the minor groove complex had its kink stabilized and persisting throughout the energy-minimization.
We have, accordingly, reported in Table II the energy results pertaining only to structures a, f, g, h, i, k and 1.
The results of the computations indicate that : -the complexes with a kinked structure are significantly more stable than the corresponding unkinked ones of Table I for all three oligonucleotide sequences.
-the best complex of dipyrandium occurs with d(TATATA) 2 , in which a kink is induced at the central T 3 A 4 step. This complex is represented in figure 3. -The second best complex of dipyrandium (6 = 5.5 kcal/mole) is that with the isomeric sequence d(ATATAT) 2 / with a kink induced now in the upstream step T 2 A 3 ( Figure 4 ). This complex is followed (S = 9.9 kcal/mole) by the one with a kink induced in the downstream step T 4 A 5 of this same oligonucleotide ( Figure  5 ) . The structure with a central kink A 3 T 4 in this oligonucleotide lies significantly higher on the energy scale (S = 15.6 kcal/mole) .
Taken together, the results on the four above-investigated model complexes indicate that the drug will preferentially induce a kink at a d(TpA) step rather than at a d(ApT) step. In connection with this result, it may be recalled that the generation of an intercalation site in B-DNA was demonstrated to occur quite generally more favorably at pyrimidine-(3', 5')-purine rather than at purine-(3',5')-pyrimidine sites [17] [18] [19] . In these previous studies the origin of this preference stems from the smaller unstacking energy in the former base arrangement while the intercalator-dinucleotide intermolecular interaction energy does not manifest in general a preference towards either sequence. By contrast, the present results with the steroid diamine indicate that the origin of the preferential induction of a kink at the pyrimidine-purine step arises essentially from the more favourable intermolecular interaction energy term, AE.
It was proposed, in the course of a study of the complex with DNA of a related steroid diamine, irehdiamine, that it is the "south edge" of the drug which inserts between the base pairs [4] . Notwithstanding the structural differences between dipyrandium and irehdiamine, this proposed configuration would correspond to our structure g, with an upstream kinked T 2 A 3 step. This latter structure, with a «=5.5 kcal/mole, is our second best configuration. -Structures with a C3' endo sugar pucker on the thymidine of the central kinked sequence T 3 A 4 are distinctly less stable than those with a C2' endo sugar pucker.
Unfortunately line broadenings in a •'•H NMR study of the complex of dipyrandium with poly(dA-dT) precluded a measurement of the coupling constants 3 J in the sugar ring, so that the nature of the sugar pucker could not be determined experimentally [1] .
In table III are reported details of the structure of the two best complexes determined theoretically : complex (a), with a central T 3 A 4 kinked step, and complex (g) with an upstream T 2 A 3 kinked step.
It is observed that, at the site of the kink, the backbone <t>', <j>, rl> and the glycosidic x angles assume fairly comparable values, which are themselves close to those of a standard B-DNA, as well as to those in the remaining part of the oligonucleotide (unpublished data, available upon request). In this latter part of the oligonucleotide, and aside from the w' and oj angles, the sole notable deviations from regularity are : -in the complex with d(TATATA) 2 , the rj> angle of A 4 on the first strand, with a value of ~ 190° instead of ~ 60°. The torsional angles w' and w at the kink site undergo significant variations with respect to their standard respective values of -60" and -140" in B-DNA. Whereas in the first strand, w' remains close to g~, a variation of ~ -90°o ccurs for w. In the second strand, an elongation of = -70°o ccurs for w', and it is now w that becomes g~. The variations of w' and w are actually, propagated throughout the whole oligonucleotide :
In the d(TATATA) 2 sequence, the values of w' are shifted towards an average of ~ -100° upstream of the kink on both strands. They are shifted towards averages of -140° and -110°f or the first and second strands, respectively, downstream from the kink site. The values of w are shifted towards an average of ~ -60°, for both strands, either up-or downstream from the kink site.
In the d(ATATAT) 2 sequence, the values of u>' are shifted towards an average of app. a -120° upstream of the kink site, and ~ -115° downstream, for both strands. The values of u are shifted towards an average of -60° upstream of the kink site, for both strands. They are shifted towards the same values on the first strand, downstream of the kink site. On the second strand, the variations are irregular : whereas w of A 3 and A 5 are = -60°, the value of u> of T 4 is 130°.
This rather involved (and possibly compensatory) pattern of variations of u' and u precludes a comparison with the inferences from P NMR spectroscopy [1] . In the study of ref. [1] , it was suggested, owing to the similarity of internucleotide 31 P NMR shifts in the uncomplexed and complexed states of poly (dA-dT) , that no variations of the w' and w angles would occur upon complexation.
CONCLUSIONS•
The results of this study show that dipyrandium binds preferentially to the minor groove of AT sequences and that the most stable structures are those in which a kink is produced at a pyrimidine-purine step. These complexes are considerably more favourable than those in which the steroid diamine binds to the groove of a B-DNA-like conformation, or intercalates at a central pyrimidine-purine step. The latter two modes of binding were the unique ones envisaged in a theoretical study of the binding of a steroid hormone, dexamethasone, to DNA [20] .
In the d(TATATA) 2 sequence, the kink occurs preferentially at the central T 3 A 4 step facing the tricyclohexane moiety of the ligand. In the d(ATATAT) 2 sequence, it occurs preferentially at the upstream step T 2 A 3 , facing the cationic pyrrolidine ring linked to ring A.
In the former sequence, it results from a rotation of -40° of the helical axis at the T 3 A 4 step, perpendicular to the dyad axis. In the latter sequence, it results from rotations of -20" and -10° of the axis at the T 2 A 3 step, perpendicular and parallel to the dyad axis, respectively. In the privileged d(TATATA) 2 sequence, the sugar pucker remains preferentially C2' endo.
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